Purpose -Interest in product-level carbon auditing and labelling has been growing in both business and government circles. The purpose of this paper is to examine the practical problems and costs associated with highly disaggregated analyses of greenhouse gas emissions from supply chains. It then weighs these problems and costs against the potential benefits of the carbon labelling of products. Design/methodology/approach -The views expressed in this paper are based on a review of relevant literature, informal discussions with senior managers and personal experience with the practices being investigated. Findings -Stock-keeping unit-level carbon auditing of supply chains and the related carbon labelling of products will be fraught with difficulty and very costly. While simplification of the auditing process, the use of data inventories and software support may assist these processes, the practicality of applying them to all consumer products seems very doubtful. The resulting benefits to companies and consumers are also highly questionable. The main conclusion, therefore, is that product-level carbon auditing and labelling is a "wasteful distraction" and that it would be better to devote management time and resources to other decarbonisation initiatives.
Introduction
On the basis of current climate modelling, it is estimated that global greenhouse gas (GHG) emissions will have to be reduced from 48 billion ton of CO 2e in 2007 to 24-28 billion ton in 2050 to keep the increase in average temperature within 28C [1] (Committee on Climate Change, 2008) . Although a temperature rise of this magnitude will cause serious environmental problems, limiting global warming to this extent should avert a range of ecological catastrophes, many of which would be irreversible (Stern, 2006) . It is predicted that by 2050, the world's population will have grown to 9.2 billion (United Nations Population Fund, 2008) . If the 24-28 million ton of CO 2e were
The current issue and full text archive of this journal is available at www.emeraldinsight.com/0960-0035.htm IJPDLM 40,1/2 distributed equitably across this expanded population, as advocated by the Global Commons Institute, Hillman (2004) and others, everyone on the planet would have an annual allocation of 2.1-2.6 ton in 2050. This would require a dramatic contraction of personal carbon footprints, particularly for the citizens of developed countries. In the USA, UK and Sweden, for example, annual CO 2e emissions per person per annum would have to drop, respectively, by around 90, 78 and 69 per cent (relative to 2005 values) (World Resources Institute, 2009 ). This would entail a radical change in personal life-styles and some reduction in material well-being. In democratic states it will be very difficult for elected governments to force their populations, by a combination of regulatory and fiscal measures, to develop patterns of consumption that emit 50-80 per cent less CO 2e than today.
There would be less need for draconian public policy measures if consumers could be encouraged by market forces to switch their demand to products whose production and distribution emit relatively low levels of CO 2e . This would give business a major role in the decarbonisation of personal consumption. As Terry Leahy, the CEO of Tesco (2008) has explained:
Business has a crucial leadership role to play in empowering consumers by overcoming barriers of price; incentivising customers to buy greener products; providing better information; and innovating through new products and services. And, if consumers are able to purchase lower-carbon products and services, they will reward the businesses that produce these products. This will encourage competition between businesses to produce more environmental alternatives to current products and services [. . .] And we will begin to create a mass movement in green consumption.
One of the key elements in this corporate agenda is informing consumers of the amounts of CO 2e "embedded" in particular goods and services. This information would allow them to differentiate products in terms of their carbon intensity and calculate how much CO 2e they could save by switching to lower carbon alternatives. The most obvious way of providing this information is by carbon labelling each product with an estimate of the total amount of CO 2e emitted across its supply chain, from raw material source to final point of sale or use. Organisations, such as the Carbon Trust in the UK, the French Environment and Energy Agency, the PCF-project in Germany, the Japanese Ministry of Economy, Trade and Industry (METI) and the Korea Ecoproducts Institute are strongly promoting the carbon auditing of supply chains at a product level to create carbon "visibility" and give consumers the information that they need to take account of CO 2e emissions in their buying decisions.
Within each of these countries trial schemes are underway to carbon footprint samples of products (Stancich, 2008) . In the UK, 20 companies have worked with the government-funded Carbon Trust to pilot stock-keeping unit (SKU)-level[2] carbon auditing and labelling of grocery products. In France, the casino supermarket chain has carbon footprinted 26 own-label products and used a "traffic light" (red/amber/green) coding system to show the carbon rating (Upham and Bleda, 2009) . In Germany, ten large companies, including BASF, Henkel, Tetra Pak, Rewe and Tengelman have experimented with the carbon footprinting of small samples of products, in Japan METI is running an "eco-products" scheme with 30 partner companies, while in Korea a pilot project has carbon rated ten consumer products. In Korea, there is an aspiration ultimately to "encompass all products and services" (Korea Eco-products Institute, 2009), while Tesco, the UK's largest retailer, has made Product-level carbon auditing of supply chains a commitment to carbon label its entire product range of 75,000 SKUs (Rigby et al., 2007) . Momentum is, therefore, building in public and corporate circles to carbon audit and label at a product level.
Efforts are also being made to develop standards for carbon measurement at this highly disaggregated level. In 2008, the British Standards Institution (BSI), Carbon Trust and DEFRA (2008) released a Publicly Available Specification (PAS 2050) for life cycle analysis (LCA) of GHGs from individual goods and services, in Japan METI launched a technical specification for carbon labelling (Berry et al., 2008) , while in Germany the PCF-project has defined "basic methodological principles" for product carbon footprinting (THEMA1, 2009). At a global level, the World Business Council on Sustainable Development (WBCSD)/World Resources Institute and the International Standards Organisation are currently working in parallel to establish international standards for the carbon footprinting of products and hope to complete this process, respectively, by the end of 2010 and spring of 2011.
Despite all this work, product carbon footprinting raises two critical issues for logistics and supply chain management that have not, as yet, been adequately explored in the literature:
(1) Will it be possible to conduct SKU-level carbon auditing at each node and link in the end-to-end supply chain with sufficient accuracy and at an acceptable cost to permit product carbon labelling? (2) To what extent will knowledge of an individual product's supply chain carbon footprint be likely to have the desired effect on corporate and consumer behaviour?
This paper discusses these issues on the basis of literature and informal discussions with senior logistics and supply chain managers in a range of industries in the UK, Sweden and the USA. It begins by reviewing the process of auditing carbon emissions from supply chains at different levels of aggregation and then focuses on the particular challenges of SKU-level analysis. Having examined the practical problems of carbon footprinting and labelling, the paper goes on to discuss the potential benefits of these practices. It concludes with an overall assessment of whether this form to consumer-led decarbonisation is likely to be feasible, scaleable and cost-effective.
Carbon auditing of companies and supply chains
The business mantra "if you can't measure it, you can't manage it" applies as much to carbon emissions as to resources and costs. Companies in sectors that are subject to government controls on carbon emissions are legally required to calculate their emissions in an accurate and consistent manner. In the EU, for example, this includes sectors making heavy use of fossil-fuels, such as power-generation, chemicals, steel and cement, which belong to the European Emissions Trading Scheme. (the greenhouse gas protocol) and International Standards Organisation (ISO 14064) are broadly similar. Both set out guidelines for the carbon auditing of individual businesses and provide advice on the scoping of the calculation, data collection methods and the allocation of emissions. In the early stages of carbon auditing companies are primarily interested in estimating their total carbon footprint, usually basing their calculations on total energy consumption. As their auditing capability improves they develop the means to calculate emissions at more disaggregated levels such as business unit, facility, process and activity. This disaggregated monitoring of carbon emissions has been likened to activity-based costing (ABC) with carbon substituted for cost. The concept of cost-to-serve has also been adapted to "carbon-to-serve" to take account of the CO 2e emissions attributable to the supply of individual customers (Braithwaite and Knivett, 2008) . According to Hopwood (2009, p. 439) , however, "the role and functioning of accounting in the environmental and sustainability spheres" are at "an early stage" and require much more research. Just as companies tended to overhaul their internal logistics operations before embarking on supply chain initiatives involving upstream suppliers and downstream customers (Stevens, 1989) , so carbon auditing is currently evolving from a company-specific activity into one involving the co-operation of companies at different levels in the supply chain. The Carbon Trust (2006, p. 3) observed that "many companies are traditionally quite inward-focused about energy consumption and carbon emissions" but, following several pilot projects, found that: [. . .] if they are willing to broaden their horizons to work collaboratively with other companies in their supply chain, then there are additional opportunities to build influence, create knowledge, reduce carbon emissions and generate financial returns.
The Carbon Trust has devised a methodology that companies collectively can use to measure CO 2e emissions at each stage in a supply chain. This is largely based on techniques developed within the field of LCA to collect energy and emissions data, particularly for "energy-intensive stages across the supply chain", construct a "mass balance for the supply chain" to ensure that all raw materials, waste, energy and emissions are accounted for, and finally to calculate the carbon footprint of a product supply chain.
Concern has been expressed in the LCA community that many of the basic principles of LCA are being reinvented and in some cases breached. One of its main objections is to the focus on a single externality, GHG emissions, and neglect of the trade-offs between these emissions and a range of other external and resource costs. This leads Finkbeiner (2009, p. 93) to describe carbon footprinting as a "castrated type" of LCA. This is only one of many issues arising from the current drive to carbon audit supply chains and inform consumers about the amounts of GHG embedded in the products they buy. Others are discussed in the next section.
3. Problems with product-level carbon auditing of supply chains Some of the practical problems that must be addressed when conducting LCAs and carbon audits have been discussed at length in previous papers and reports. In particular, the problems of defining boundaries and allocating energy and emissions have generated much discussion. To these can be added problems associated with product complexity, supply chain variability, scaleability and cost.
Product-level carbon auditing of supply chains These are problems in the sense that they make it difficult, within the available resources, to disaggregate carbon values to a product-level with "sufficient accuracy". This term, which was used in the one of the two questions posed in the introduction section of the paper requires elaboration. How accurate would the carbon estimate for a specific SKU have to be to meet the requirements of product labelling? Government regulations dictate the accuracy of nutritional information on the labels of food products and energy ratings of electrical appliances. As yet, there are no similar regulations governing carbon labelling, though in the UK most carbon labelling of consumer products to date has been done under the auspices of the Carbon Trust, which requires certain standards to be met for companies to use their logo. It is not known, however, to what extent company calculations are independently audited. The few examples of products carrying Carbon Trust-approved labels give the impression that the carbon calculations are very precise. For example, a 34.5 g pack of Walkers salt-and-vinegar crisps (i.e. "potato chips") carried a label stating a 75 g CO 2 had been emitted in its production and distribution while the equivalent size pac of cheese-and-onion crisps at a 74 g CO 2 rating. As discussed below, however, given the complexity of the calculation, variability of the conditions and amount of subjective judgement that must be exercised, estimates can simply not be this exact. It would be more credible, and honest to consumers, to quote a numerical range or, as in the case of some nutritional criteria or energy ratings, to use a colour coding or "traffic light" system. This would more realistically reflect the granularity of the calculations. Would such a system, however, sufficiently differentiate products within and between product groups in terms of their carbon intensity to give customers the information they would need to "decarbonise" their buying behaviour? Recent research in Germany has suggested that "a total CO 2 footprint figure in the form of a static carbon label [. . .] suggests a precision and conclusiveness which cannot be achieved using the current state of methodology" (THEMA1, 2009, p. 23) . If it were to prove impractical or too costly to achieve the necessary degree of precision and differentiation in the carbon auditing, the whole basis of product-level carbon labelling could be undermined. The following review of the practical problems of product-specific carbon auditing of supply chains suggests that this may be the case.
a. Boundary issue
Deciding where to draw the boundary around the system being audited can be particularly contentious. The GHG protocol differentiates three "scopes" effectively drawing three boundaries around a business for carbon auditing purposes (WBCSD/World Resources Institute, 2004). Scope 1 emissions arise from activities for which the company is directly responsible, Scope 2 emissions are those associated with the purchase of electricity, heat and steam while Scope 3 covers GHGs emitted by other businesses, such as third-party logistics, working on its behalf. Companies reporting their annual CO 2e emissions are required to quantify their Scopes 1 and 2 emissions but can exercise discretion over the inclusion of Scope 3 emissions. It is considered good practice for companies to include Scope 3 emissions in their carbon reporting as they are indirectly responsible for them. If they are excluded, companies can effectively reduce their corporate carbon footprint by outsourcing logistics activities. When collecting data for product-level carbon auditing, however, the inclusion of Scope 3 emissions for all the supply chain partners and their logistics IJPDLM 40,1/2 providers will result in multiple counting, artificially inflating the total emissions allocated to a particular product. To minimise the risk of this occurring corporate boundaries and related Scope 3 emissions must be clearly defined before the product-level auditing begins.
Some of the conventions adopted in the definition of system boundaries for LCA have carried over into the carbon auditing of supply chains. For example, energy and emissions associated with the input of manual labour into production and logistics processes are typically excluded from the calculation. This is justified mainly on the grounds that it is very difficult to measure the incremental energy/emissions resulting from the use of manual labour [3] . This, nevertheless, introduces bias into comparisons of the carbon footprints of alternative, and possibly competing, supply chains. It results in more labour-intensive supply chains appearing, ceteris paribus, to emit much less CO 2e than supply chains relying more heavily on mechanical equipment, whose energy consumption and emissions are factored into the carbon audit. This is well illustrated by the case of prawns harvested from the West Coast of Scotland and transported by deep-sea container ship to Thailand where they are de-shelled by hand in a factory in Bangkok before returning the UK for processing. Previously, the de-shelling was done by machine in a factory in Scotland. A comparative analysis of the current and previous supply chains has revealed that total carbon emissions per unit are similar despite the fact that the prawns are now shipped to Thailand and back prior to final processing, a round-trip of 1,7000 miles (Cooke, 2008) . This apparently anomalous result can be explained by the exclusion of labour-related emissions from the Bangkok operation and inclusion of energy-related emissions from machinery at the Scottish plant.
Deciding upon the start and end points for carbon measurement within the vertical supply chain can also be controversial. If accepted practice in LCA were adopted, carbon emissions would be traced back to raw material sources or, in the case of recycled materials, the reprocessing point. Defining the end of the chain can be more problematic. To date, most of the carbon footprinting pilot studies have assumed that the supply chain ends at the shop shelf. An increasing proportion of retail purchases are being made online and delivered to the home, however, effectively extending the chain to the point of use. Many LCAs also take account of resources expended and emissions released in the actual use of a product and its subsequent recycling or disposal. Including CO 2e emissions from these post-purchase activities in the footprinting calculation would be fraught with difficulty given the variability of consumer travel behaviour, product useage and reverse logistics options.
b. Allocation issue
Where products share the same vehicles, warehouse space or handling equipment, the related energy consumption and emissions have to be allocated between them. Transport economists have long debated the allocation of common and joint costs between different consignments grouped on the same vehicle. The division of carbon emissions between consignments presents a similar analytical challenge. The greater the degree of disaggregation by consignment, SKU and even individual product the more complex becomes this allocation problem. Should it be determined by product weight, dimensions, handling characteristics or a combination of these criteria, perhaps differently weighted in a carbon allocation algorithm? The allocation rules Product-level carbon auditing of supply chains that companies use are often based on subjective judgment. Where a supply chain comprises many separate freight journeys, the cumulative effect of CO 2e allocation decisions made separately for each leg can be substantial. This was demonstrated by Backstrom (2006) when he charted the movement of a container from the Far East to Sweden using sea, road and rail modes and applied different emission allocation rules at each link in the chain. Across the transport chain as a whole, the "method-induced difference" in emissions between the highest and lowest CO 2e estimates was 51 per cent at the container level (per TEU) and 129 per cent at the "cargo shipment" level.
This highlights the need for standardisation of the CO 2e allocation rules used in transport, both internationally and across industry sectors. The main global carbon auditing standards (GHG protocol and ISO 16064) do not provide guidance at this level of detail, though, in the UK, BSI's PAS 2050:2008 specification indicates how transport emissions should be split between products (BSI, Carbon Trust and DEFRA, 2008) . In the case of loads limited by mass (or weight), the allocation is by mass; where the load is volume-constrained, CO 2e is to be divided by volume. This recommendation is crude, however, and offers little guidance on how to deal with many commonly encountered transport situations such as:
.
Where the load is neither mass-nor volume-constrained. This applies to 58 per cent of the distance that trucks (with gross weights over 3.5 ton) travel laden in the UK and 77 per cent in the case of rigid vehicles (Knight et al., 2008) .
Consignments vary in height.
The load may then be constrained by coverage of the vehicle deck-area (i.e. two-dimensional measure of utilisation), but the consignments vary in their cubic volume. Under these circumstances, should CO 2e be allocated on a 2D or 3D basis?
A load comprises a mixture of high-and low-density consignments. A load comprises a mixture of high-and low-density consignments with the latter occupying most of the space but the former exerting a much stronger influence on fuel consumption and hence carbon emissions.
. Multiple delivery/collection rounds. Should the total amount of CO 2e emitted on the complete round be averaged across all the consignments carried or should allowance be made for the sequencing of drops/pick-ups and actual distances travelled by particular consignments?
Even greater complexity can be encountered in the allocation of energy and CO 2e emissions between products passing through warehouses and freight terminals, reflecting differences in their weights, dimensions, throughput times, materials handling, temperature control and security requirements and the range of activities performed on them.
Although the UK PAS 2050 specification is "intended to benefit organisations, businesses and other stakeholders by providing a clear and consistent method for assessing the life-cycle GHG emissions associated with goods and services" it fails to provide the level of detailed guidance that would be required to standardise SKU-level carbon auditing across supply chains.
PAS 2050 is a national specification for companies operating in the UK. As a result of long-term globalisation, most end-to-end supply chains now span more than one country creating the need for global standards of SKU-level carbon auditing.
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The WBCSD is currently developing a revised version of the GHG protocol which will propose international standards for supply chain auditing of CO 2e at the product level. It will, nevertheless, take many years for them to be widely implemented. In the meantime, there may be a proliferation of national standards which will be difficult to merge into a truly global standard. Recent trends in globalisation and the off-shoring of production capacity have hugely increased the sourcing of manufactured goods from low-labour cost countries whose systems of data collection on energy use and emissions are generally poor relative to those of developed countries. International variations in the availability and accuracy of the data required for carbon auditing are likely to frustrate attempts to carbon audit global supply chains for the foreseeable future, especially at the SKU-level.
Product complexity. To date, most of the interest in product-level carbon auditing of supply chains has been expressed by producers and retailers in the fast moving consumer goods (FMCG) sector. Pilot projects have been undertaken mainly by manufacturers of grocery and health and beauty products that contain relatively few ingredients, which undergo comparatively simple processing in few locations. The carbon auditing of manufactured products, such as cars, televisions and computers, is several orders of magnitude more complex. These products comprise many hundreds or thousands of separate components sourced and assembled in many different locations and channelled through dense supply networks. LCA conducted on a specimen range of assembled consumer goods has shown that this is a very difficult, labour-intensive and costly exercise. Rolling it out across an entire range of consumer products and consistently achieving the level of accuracy that would be required for carbon labelling would be a gargantuan task. The current trend in mass customisation adds further complexity as it greatly extends the range of possible carbon footprint "permutations".
c. Supply chain variability Some product supply chains are subject to frequent change. For example, those relying on agricultural inputs are often reconfigured every few months in line with growing seasons around the world. Short-term fluctuations in commodity prices can cause companies to switch raw material sources. Multi-national businesses frequently move production between plants in response to changes in currency exchange rates and patterns of demand. At the retail end of the supply chain, products on promotion and experiencing a temporary uplift in sales can follow more direct channels to market. All of these changes can significantly affect the carbon footprints of individual products. Given the time, effort and cost involved in SKU-level carbon auditing, it is doubtful that companies whose products are subject to such variations will regularly recalculate their products' carbon footprints, especially where they have a large product range. It is more likely that they will resort to averaging. As discussed below, however, over-use of averaging undermines the case for product-level carbon auditing.
d. Scaleability
Following decades of product proliferation, producers and retailers now have extensive product ranges. While it might be manageable for businesses to carbon audit the supply chains of a few of their products, scaling up the carbon auditing exercise to cover an entire product portfolio of several thousand SKUs for a large manufacturer or Product-level carbon auditing of supply chains many tens of thousands of SKUs for a major retail chain would present a formidable challenge. The auditing burden could be eased by confining it to the A category products in the Pareto classification, which typically generate around 80 per cent of total sales but represent only 20 per cent of SKUs. It is the aspiration of some retailers and government agencies, however, to achieve comprehensive carbon labelling of consumer products. This would also be a pre-requisite for a future system of personalised carbon rationing and trading, as discussed later. All products and services would then have to have a carbon rating. If, however, such a universal system of carbon labelling were not required, the Pareto principle could form the basis of a more selective system. More aggregated analysis could be used to identify groups of products that collectively accounted for a large share of total emissions, the A category products in a Pareto classification calibrated with respect to carbon emission, rather than sales value. More detailed analysis and demand management measures could then be targeted on these more carbon-intensive products.
e. Cost Several companies in the FMCG sector that have piloted SKU-level carbon auditing on a supply chain basis have indicated how much the exercise has cost. Boots, the UK health and beauty/pharmaceutical retailer, estimated that it spent around £250,000 carbon auditing a range of eight shampoo products. In this, case the supply chain extended from the raw material sources of the ingredients to the bathrooms where consumers actually use the product, though excluded CO 2e emissions from the shop. This exclusion was rather ironic as Boots is essentially a retailer. The retail stage in the supply chain was omitted, however, because the company adopted the Carbon Trust's (2007) methodology, which offered no guidance on how to allocate CO 2e to individual products passing through retail outlets.
Discussions with a large food industry conglomerate revealed that they too had conducted SKU-level carbon auditing on an experimental basis and estimated the average cost to be in the region of £25,000 and £30,000 per SKU. Tesco, on the other hand, claims to have found a more cost-effective and standardised methodology and, as a result, "the cost is now down to £2500 per product and falling" (North quoted in Murray, 2008) . The cost of a carbon audit will clearly vary with the complexity of the product and its supply chain, in particular the numbers, tiers, locations and sophistication of upstream suppliers. Average figures are therefore fairly meaningless in the absence of information about the sample of products across which carbon footprinting costs are averaged. If, however, one accepts the figure quoted by Tesco and multiplies it by the number of SKUs that it stocks, carbon labelling of its entire product range (of around 75,000 line items) would still cost around £187 million, with most of that financial burden likely to be borne by its suppliers.
The cost of this highly disaggregated form of carbon footprinting can be reduced in various ways:
. Simplication. SETAC (2008, p. 87) characterises carbon footprinting as "searching for simplifications of Life Cycle Analysis (LCA) to assess a large number of products in a short time frame". It could have added "at minimum cost". The carbon auditing exercise can be simplified by applying it at a category rather than product level, focusing attention on the most carbon-intensive activities, possibly adopting the Pareto approach mentioned earlier, and accepting more IJPDLM 40,1/2 approximate values for those only marginally affecting the final footprint. There is a danger, however, that the accuracy of the analysis will be compromised to reduce costs. As in the case of ABC, there will be a strong temptation to rely on average values (Lin et al., 2001) . While averaging might be an acceptable practice in internal cost accounting systems, objections will be raised to its use in the external labelling of products with carbon data as it will mislead consumers. Consumers' interests would have to be protected by the imposition of carbon footprinting standards, such as those promulgated by ISO (2006) .
. Use of data inventories. One of the major achievements of LCA has been the accumulation of large inventories of data on the resource useage and environmental impacts of a broad array of industrial and logistical processes. By extracting industry standard values from these inventories analysts economise on the amount of new data collection required. These inventories already contain substantial quantities for GHG data that could be applied to the carbon footprinting of supply chains. If this practice became widespread the inventory of product-and process-specific GHG data would be greatly expanded giving companies access to a larger pool of secondary data and reducing their dependence on the primary monitoring of energy consumption and emissions.
. Software support. Carbon footprinting is also being facilitated by the development of new proprietary software tools, such as CarbonView, which can calculate and allocate carbon emissions at different levels of disaggregation. Integration of this software within companies' IT systems can make it easier to capture the internal data required for carbon auditing. It may also be possible to incorporate a carbon metric into cost-to-serve software packages to assess the CO 2e as well as cost implications of supplying particular products to individual customer locations. The integration of financial and carbon data in these cost-to-serve models would give companies a tool with which to model the effects of decarbonisation measures on profitability. Collecting the necessary data to calibrate these models at a supply chain level, however, would still present a major challenge.
Problems in labelling products with carbon values
Assuming that companies can accurately and cost-effectively carbon footprint their supply chains at an SKU level, the process of labelling products with carbon data still poses major problems. These relate mainly to supply chain variability and configuration and to validation of the carbon values.
Supply chain variability
As discussed earlier, the carbon emissions from a supply chain can vary substantially through time. Mila et al. (2007) , for example, have shown how the amount of primary energy used per kg of apples sold in a supermarket can vary by a factor of two as sourcing switches seasonally between agricultural regions. Temporary sales promotions can also significantly alter a product's carbon footprint as, for instance, production and distribution volumes increase and individual products are combined in multi-packs. In theory, carbon labels should be regularly revised to reflect this variability, particularly on products whose raw material sources and processes change radically during the year. Varying the carbon label on product packaging in the short Product-level carbon auditing of supply chains to medium term would not only be costly; but it would also be likely to confuse consumers.
Supply chain configuration
Products emanating from a factory follow differing routes, travel different distances, are often moved by different transport modes, spend variable amounts of time in storage, undergo different amounts and types of handling and are ultimately sold through outlets with widely varying energy efficiency. In the case of companies with large export markets, the average distance travelled per product might vary by several 1,000 km. There can, therefore, be wide variations in the carbon intensity of logistics processes downstream of the final point of production where the labelling would typically take place. It would not be practical to "customise" the labelling of specific products with respect to particular customer locations. This would involve dedicating inventory to particular channels and customers prior to the labelling operation, effectively moving the material decoupling point upstream and further complicating forecasting, stock control and handling operations (Christopher and Towill, 2000) . It is very unlikely that producers would contemplate such costly disruption to their activities to achieve more authentic carbon labelling. The much more likely response would be to label products with an estimate of average CO 2e emissions for particular products, probably based on calculations of emission for samples of products as far as the point of sale. This approximation could be justified partly as a means of minimising the cost of carbon labelling, but also on the grounds that downstream logistical activities are often responsible for a small proportion of total CO 2e emissions (Carbon Trust, 2006 , 2008a .
Research in Japan is currently exploring the use of radio-frequency identification (RFID) tagging to track carbon emissions attributable to particular consignments as they move along the supply chain (Yoshifuji et al., 2008) . By linking fuel measurement devices on a truck to onboard transponders, information about fuel consumption and hence CO 2e emissions can be relayed, on a real-time basis, to RFID tags on pallets or cases. By combining this fuel consumption data with information about the loading of the vehicle each consignment can be allocated a share of the CO 2e emissions on each leg of the freight movement. Similar systems could be used to assign CO 2e emissions from warehousing and handling operations to specific consignments. CO 2e data accumulated on the tag during its passage through the supply chain could then be displayed on an end-of-shelf or hand-held reader at the point of sale to inform consumers of the carbon footprint of the product. This would actually go beyond SKU-level carbon auditing and give a carbon rating to a specific product. It would represent an application of the postponement principle in delaying the final "labelling" of the product till the point of sale and could effectively automate the carbon auditing process. It would require substantial capital investment, though if this investment were being made anyway to improve supply chain visibility and exploit RFID technology, the incremental costs might be acceptable.
Validation
Environmental labelling of products would require some independent validation to increase there credibility (THEMA1, 2009) and deter suppliers from making fraudulent claims about the carbon ratings of their products. If carbon content became a key IJPDLM 40,1/2 differentiator in consumer markets or personal carbon rationing were introduced, companies could gain a significant commercial benefit from under-reporting their carbon emissions. The creation of an international verification system for product-level carbon measurement and labelling would be an enormous and very costly undertaking.
Given the scale of the analytical challenges and required level of financial investment, companies will require hard evidence that the carbon auditing of supply chains at an SKU-level will yield substantial benefits. The next section assesses these potential benefits.
Potential benefits of product-level carbon auditing
Product-level carbon auditing can help companies and individuals manage their carbon emissions more effectively. Its potential impact will be examined at corporate and consumer levels.
Corporate level
The Carbon Trust (2006) identifies three benefits that companies can derive from knowing the carbon footprints of specific SKUs:
(1) It allows them to "find significant emissions reduction opportunities and large financial benefits by reducing the carbon footprint of the product" (p. 3). Grenon et al. (2007, p. 37) claim that "when a company measures its carbon footprint, the most surprising outcome would be to find no surprises". It is debatable, however, whether companies need the carbon data at an individual SKU-level to determine where the major decarbonisation "hot-spots" are within their supply chains. Often these opportunities will be common to broad categories of product with similar physical and marketing characteristics, ranges of products produced/stored in a particular facility or groups of products with similar logistics characteristics. Moreover, if the potential existed to release "large financial benefits", this should have been detected by conventional accounting systems. (2) It can improve companies' understanding of "carbon emissions across their supply chains and allow them to prioritise areas where further reductions in emissions can be achieved". Again, carbon auditing of supply chain processes at a higher level of aggregation can also highlight activities and locations responsible for a large share of total emissions where carbon management efforts can be focused. (3) It can help companies make "more informed decisions in product manufacturing, purchasing, distribution and product development". This is where product-specific carbon data may potentially yield the greatest benefit. One of the key ways of decarbonising a business is by altering its product portfolio, eliminating products that earn little net profit per unit of supply chain CO 2e and more heavily promoting products with a low ratio of carbon to profit. The supply chains of products that are found to be relatively carbon-intensive but offer healthy profit and growth opportunities can be scrutinised to find ways of reducing their carbon impact. Carbon auditing can also be integrated into the new product development process to ensure that newly produced SKUs are manufactured and distributed in a way that minimises their carbon footprint.
Product-level carbon auditing of supply chains
Retailers and wholesalers with strong environmental policies could benefit from product-specific carbon data. Although not directly responsible for the embedded carbon in the products they sell, these distributors could gain a marketing advantage by stocking lower carbon products. "Choice editing" by their buyers might then exclude more carbon-intensive items from the range (Boardman et al., 2007) . A product's supply chain CO 2e emissions would, however, be only one of several criteria influencing the buying decision. One might envisage a recalibration of retailers' direct product profitability models (Nelson and Pinnock, 1991) to incorporate a carbon metric into estimates of the contribution that individual products make to net profits. This will only be relevant, however, if carbon labelling of products becomes widespread and, more importantly, if it is found to influence consumer behaviour. This issue is discussed under the next heading.
Consumer level
One of the major unknowns in the current debate about the likely efficacy of carbon labelling as a decarbonisation measure is the extent to which it would induce a shift in demand to lower carbon products. In the case of grocery products, the success of nutritional labelling in diverting demand to healthier, lower-fat products is often cited as evidence of consumers responding to product-specific information. Tesco has accentuated this link between nutrition and decarbonisation by coining the term "carbon calorie count". It would be wrong, however, simply to argue by analogy that carbon labelling would similarly expand sales of low-carbon products. The adoption of a healthier diet has a direct, short-term and highly personal impact. The purchase of lower carbon products today will have a fairly tenuous, indirect effect on the planet many years from now. Consumers' reaction to the information will also be influenced by their perception of the climate change problem and assimilation of a range of product-related information in the purchase decision. Fears have been expressed that the addition of carbon data to product packaging will further over-load the customer with information and simply be neglected (Berry et al., 2008) . This is a particular risk with grocery products which are generally bought in large numbers on a single shopping trip.
Market research undertaken in the UK has suggested that, while a majority of consumers would value having carbon data on product labels, its effect on their buying behaviour would be limited (LEK Consulting, 2007) . Only 44 per cent of respondents stated that, other things being equal, they would "switch to a product with a smaller carbon footprint that was not (their) first preference", and 20 per cent where this involved going to a "less convenient retailer". Less than one respondent in six (15 per cent) would be prepared to pay more for a lower carbon product. It is probable too that these percentages will exaggerate the actual change in consumer behaviour, partly because, in general, market research studies tend to exhibit this bias, but also because in environment-related surveys a significant proportion of respondents tend to give a "socially-desirable set of responses" (Diekmann and Preisendorfer, 1998) . Lowering the degree of predicted behavioural response to correct these biases would cast even more doubt on the effectiveness of carbon labelling on its own as a decarbonisation measure.
Focus group discussions in the UK have confirmed that "most consumers find it difficult to make sense of grams of carbon relative to their lifestyle emissions" and led IJPDLM 40,1/2 researchers to question the value of "public-facing labels that attempt to communicate numerical values for the associated GHG emissions in a grocery context" (Upham and Bleda, 2009 ). On the basis of this public consultation, they cast doubt an "a label-based approach to changing consumer purchasing behaviour". The German PCF-project has concluded that putting a "static carbon label" on products "does not make sense and is not very relevant for consumer decision making" (THEMA1, 2009, p. 23) . Berry et al. (2008) go further and conclude that "carbon labelling every product is not a realistic or indeed desirable goal, especially within the limited 'window of opportunity' for addressing climate change". Upham and Bleda (2009) highlight the critical importance of two variables: the difference in the carbon footprints of similar products and the proportion of consumers' likely to switch their demand to products with smaller footprints in response to labelling. Within product categories the differences may be quite small, while the available survey evidence suggests that carbon labelling will elicit only a weak behavioural response. The net effect of carbon labelling as a decarbonisation measure is likely, therefore, to be very limited, except where carbon emission differentials between products are wide, labelling is accompanied by strong public information messages about the seriousness of climate change and other measures, such as pricing or carbon budgeting, are used to reinforce the behavioural response. A steady flow of news stories about worsening climatic conditions may also change consumer mindsets and provoke a greater shift in buying habits than the market research has suggested.
It is important, too, to put possible labelling-induced reductions in personal carbon emissions into context. In a LCA of a pair of jeans, for example, Browne et al. (2005) found that, on a product basis, more CO 2e was emitted by the consumer driving to and from the shop to buy the product than by all the production and logistics operations upstream of the shop shelf. More recent research on energy use in the supply chains for fruit and vegetable products and furniture has again highlighted the importance of the "final consumer shopping trip" (Browne et al., 2008) . By shopping less frequently, travelling to the shops by public transport rather than car or, possibly, substituting an online purchase for a shopping trip, consumers can cut emissions by a greater margin than switching to lower carbon brands of a particular product. If the carbon footprinting calculation is extended to include emissions from the use of products, bringing it into line with conventional LCA, minor changes in carbon emissions from the typical shopping "basket" likely to be induced by carbon labelling would pale into insignificance. Research for the UK retailer Marks and Spencer, for example, revealed that 75 per cent of the total life-cycle CO 2e emissions of men's trousers come from the post-purchase washing of the products (Environmental Resource Management, 2002) . The Boots carbon footprinting exercise discussed earlier defined the supply chain as extending from raw material source to point of use in the bathroom (Carbon Trust, 2008b) . This revealed that 93 per cent of the total CO 2e was produced by the consumers warming the water to wash their hair [4] . These examples suggest that changes in the consumer use of a product, such as washing clothes and hair at lower temperature, can have a much more dramatic impact on CO 2e emissions not just relative to carbon labelling and related product shifts, but relative to anything that can be done to decarbonise the upstream supply chain. Broadening the context even further to consider other lifestyle choices a consumer can make marginalises the contribution of carbon labelling even further. Upham and Bleda (2009) All of this evidence lends support to the view that it will not be possible to "shop our way out of climate change". It may nevertheless become necessary to over-ride consumer sovereignty and impose controls on the amount of CO 2e each person is allowed to emit. They would then be given an annual carbon allowance, from which would be deducted the carbon value of every product and service they purchased, probably using a carbon credit card. If a person exceeded their annual quota they would be able to buy additional carbon credits in an emissions trading market. A UK Parliamentary Inquiry concluded that "Personal carbon trading could be essential in helping to reduce our national carbon footprint" (House of Commons Environmental Audit Committee, 2008) The concept also commands the support of other organisations and commentators. The UK Department of the Environment, Food and Rural Affairs -DEFRA (2008, p. 4) has acknowledged that personal carbon trading is:
[. . .] a potentially important way to engage individuals' but "is an idea currently ahead of its time in terms of its public acceptability and the technology to bring down the costs".
A pre-requisite of personal carbon trading would be comprehensive carbon auditing of every purchased product and service involving the release of a greenhouse gas at some stage in its production or delivery. As discussed earlier, this would require a vast amount of intricate, complex and costly analysis. Surprisingly, none of the reports so far published (Hillman and Fawcett, 2005; DEFRA, 2008) explicitly mentions the amount of analysis that would have to be undertaken to carbon audit the supply chains of all the products sold in the UK. They focus on demand-side issues, such as public acceptability and social equity, and ignore the acute problems that companies would face in calculating and validating CO 2e emissions from their supply chains.
Conclusions
As concern mounts about climate change, more radical policy options are being considered to promote a shift to more sustainable patterns of consumption. Several large corporations and government agencies are now arguing that if products were labelled with information about their embedded carbon, consumers would be likely to lower the carbon content of their retail purchases. On the basis of the available evidence it appears that this proposal is seriously misguided on several grounds. First, it grossly under-estimates the scale and cost of the carbon auditing work that would be required across the myriad of supply chains that criss-cross the globe and the supporting verification system that would need to be put in place to validate the labelling process. As Lynas (2007) argues, "To figure out a carbon label for every product on the shelf would be a task of labyrinthine complexity and monumental cost". The resources that would have to be expended on this exercise could be much more productively deployed in a range of other genuine decarbonisation measures, many of which would deliver much faster and more tangible results (McKinnon, 2008) . Large-scale product-level supply chain carbon auditing could cause "paralysis by analysis" delaying the implementation of carbon reduction programmes. Second, this huge investment of time, effort and cost might be justified if carbon labelling were likely to prove a cost-effective means of adapting consumer behaviour to the exigencies of a low-carbon world. The market research so far conducted suggests that this is very unlikely. If combined with personal carbon rationing and trading, it would be more likely to induce the necessary behavioural change, but these systems are still little more than what the former UK Environment Secretary called "a thought experiment". Third, the contribution of product-level carbon auditing to the carbon management of supply chains is also being exaggerated. Upham and Bleda (2009, p. 22) While it is highly desirable for companies to carbon audit their supply chains, this does not have to be done at SKU-level to determine the major opportunities for decarbonisation. Overall, therefore, product-level carbon auditing and labelling do appear a wasteful distraction given the severity of the environmental crisis facing the planet.
Notes
1. CO 2 equivalent, abbreviated to CO 2e , expresses the amount of CO 2 that would have the same global warming potential as the greenhouse gas in question, measured over a specified timescale (typically 100 years). In this paper the abbreviations GHG and CO 2e are used interchangeably.
2. A SKU is an individual line item in a company's product range.
3. Should this, for example, include emissions from personal commuting trips to and from the factory, the additional food that people consume because they are work, emissions from work place services and the production and distribution of uniforms?
